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Abstract

High fidelity human mitochondrial DNA polymerase (Pol γ) contains two active sites, a DNA 

polymerization site (pol) and a 3′−5′ exonuclease site (exo) for proofreading. Although separated 

by 35 Å, coordination between the pol and exo sites is crucial to high fidelity replication. The 

biophysical mechanisms for this coordination are not completely understood. To understand the 

communication between the two active sites, we used a statistical-mechanical model of the protein 

ensemble to calculate the energetic landscape and local stability. We compared a series of 

structures of Pol γ, complexed with primer/template DNA, and either a nucleotide substrate or a 

series of nucleotide analogues, which are differentially incorporated and excised by pol and exo 
activity. Despite the nucleotide or its analogues being bound in the pol, Pol γ residue stability 

varied across the protein, particularly in the exo domain. This suggests that substrate presence in 

the pol can be “sensed” in the exo domain. Consistent with this hypothesis, in silico mutations 

made in one active site mutually perturbed the energetics of the other. To identify specific regions 

of the polymerase that contributed to this communication, we constructed an allosteric network 

connectivity map that further demonstrates specific pol–exo cooperativity. Thus, a cooperative 

network underlies energetic connectivity. We propose that Pol γ and other dual-function 
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polymerases exploit an energetic coupling network that facilitates domain–domain communication 

to enhance discrimination between correct and incorrect nucleotides.

Graphical Abstract

INTRODUCTION

Human mitochondrial DNA polymerase (Pol γ) is responsible for replicating mitochondrial 

DNA and is vital for organelle function. Pol γ is a heterotrimeric holoenzyme that consists 

of a catalytic subunit, Pol γA, and a dimeric accessory subunit, Pol γB. Pol γ is a high 

fidelity polymerase, and all enzymatic activity is fulfilled by Pol γA including 

polymerization (pol), proofreading (3′−5′ exonuclease, exo), and 5′-deoxyribose phosphate 

lyase activities for base excision repair. Although having no enzymatic activity itself, Pol γB 

regulates all Pol γA activities.1–3
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The pol domain adopts a canonical right-hand configuration similar to other Pol I Family 

members, with subdomains called palm, fingers, and thumb. The palm houses the pol 
catalytic active site, and the fingers are responsible for binding to DNA and incoming 

deoxynucleotide triphosphates (dNTPs). The thumb likely plays an important role in 

directing the primer/template to either pol or exo active sites that are located on two ends of 

the molecule.4 Coordination of pol and exo activity contributes substantially to replication 

fidelity of Pol γ.

Mutations in the POLG gene are one of the most common causes of inherited mitochondrial 

disease in several major phenotypes of neurodegenerative disease that include childhood 

myocerebrohepatopathy spectrum disorders, Alpers syndrome, ataxia neuropathy spectrum 

disorders, myoclonus epilepsy myopathy sensory ataxia, and progressive external 

ophthalmoplegia.5,6 To date, more than 170 Pol γ mutations have been associated with 

disease symptoms.7 This is believed to be due to impaired Pol γ function leading to deficits 

in mitochondrial replication and repair. Ultimately, deficits disrupt mitochondrial function, 

which is essential in neurons for energy production.8 Crystal structures of Pol γ and its 

ternary complex structures provide considerable information to rationalize many mutations; 

nonetheless, certain mutations are inexplicable. While structures may explain the local 

effects of mutations, they cannot explain how mutations in pol or exo active sites, separated 

by 35 Å, can mutually affect each other’s activity. For example, mutations in the finger 

subdomain can reduce Pol γ DNA synthesis efficiency and elevate exonuclease activity, and 

mutations in the exo simultaneously reduce exonuclease and polymerase activities.9,10 In 

addition, one of the most common mutations A467T, distal (~40 Å) to either active site, 

inhibits pol as well as exo activity.11 The phenotypes of these mutants indicate that the two 

active sites are functionally connected and may be allosterically regulated. However, the 

structural and molecular basis for such long-range connectivity is unknown.

Pol γ is a major off-target for nucleoside analogue reverse transcriptase inhibitors (NRTIs) 

designed to inhibit pathogenic human virus HIV, which contributes to their toxicity.12 NRTIs 

are prodrugs that must be enzymatically converted to a triphosphate form intracellularly and 

incorporated by a polymerase into the 3′-end of a growing DNA primer. The pol and exo 
active sites of Pol γ recognize NRTIs differently.13 The catalytic efficiency (kpol/Kd) of 

cytosine-based NRTIs Zalcitabine (ddC), Lamivudine (3TC), and Emtricitabine (FTC) 

(Figure 1) varies over 5 orders of magnitude relative to the natural substrate deoxycytidine 

triphosphate (dCTP), dCTP ≫ (+)-FTCTP > ddCTP > (+)-3TCTP > (–)-3TCTP ≫ (–)-

FTCTP, but the excision rates from primer-DNA by the exo site are in a different order, dC > 

(+)-3TC ≫ (–)-FTC ≫ ddC.14,15

The precise mechanism by which incorrect substrates are differentially recognized is not 

completely known. The pol and exo sites are separated by 35 Å, suggesting that 

communication must be mediated either by a “path” connecting the two active sites or by a 

large conformational change. Revealing such a connecting path is not only important for 

understanding the fidelity of the DNA polymerase but also important for developing low 

toxicity antiviral polymerase inhibitors. The development of analogues that are recognized 

by HIV reverse transcriptases but rejected by Pol γ, either by pol or by exo, would be a 

breakthrough that increases the efficacy and/or decreases the toxicity of NRTI therapy.
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We have determined several crystal structures of Pol γ, but they have not yet provided a 

mechanism for how the two active sites communicate and how that may impact polymerase 

fidelity. We report here computational studies that detect energetic connectivity using a 

semiempirical statistical mechanical method encoded in the COREX algorithm. We 

compared a group of Pol γ ternary complex crystal structures with primer/template DNA, 

and either a substrate dNTP or a NRTI (Figure 1).4,16 Our study identifies potential two-way 

communication between the pol and exo domains. As seen in other allosteric proteins, site–

site coupling does not necessarily involve a direct pathway, a series of discrete deformations 

in contiguous amino acids, but rather occurs through a more diffuse cooperative network that 

involves all of the subdomains known to be relevant to catalytic activity. Our computational 

approach detected long-range intramolecular connectivity that cannot be directly revealed by 

crystal structures alone.

METHODS

COREX Calculations

C source code of COREX was obtained from Professor Vincent Hilser (Johns Hopkins 

University). COREX calculations were performed on crystal structures of Pol γ holoenzyme 

ternary complexes with either a nucleotide or an HIV reverse transcriptase inhibitor and a 

24/28 nt primer/template DNA 5′-d d CATACCGTGACCGGGAGCAAAAGC-3′ and 5′-

GCTTTTGCTCCCGGTCACGGTATGGAGC-3′ (Table S1). Structures were prepared by 

removing nonprotein atoms as well as the accessory subunit, Pol γB. To prevent 

overestimating contributions of residues with high flexibility (B-factor > 100), we 

eliminated the side chains of these residues and only use their backbone atoms for 

calculations. These residues are E481, D482, F610, Y649, V742, S759, and C760. In silico 

mutants were constructed in COOT.17 The rotamer configuration for each substitution was 

selected such that there was no steric clash. Thermostable Bacillus DNA Polymerase I large 

fragment (Pol I BF) structures were prepared similarly.

Briefly, COREX generates a conformational ensemble from a given three-dimensional 

structure. This is accomplished by systematically unfolding small “windows” of residues in 

the fully folded structure. The unfolding of that set of residues exhibits a change in solvent 

accessible surface area (SASA), composed of the area gained from unfolding the residues 

plus any newly exposed interfacial surface.18 This interfacial surface is key to the 

algorithm’s ability to model distant cooperative unfolding events that might be involved in 

long-distance communication. The free energy (ΔGi) of each conformational permutation i, 
or microstate, is then calculated on the basis of previously determined empirical equations 

that link changes in SASA to thermodynamic parameters.18 Probabilities (Pi) of any given 

microstate are then determined using the partition function Q, which is the sum of all 

microstate energies (eq 1):

Pi = e−ΔGi/RT

Q
(1)

where R is the universal gas constant and T is temperature in kelvin. The primary output 

used is a residue stability or folding constant, Kf,j, defined as the ratio of the summed 
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probability in which a particular residue j is folded (∑Pfj) over all microstates divided by the 

summed probability of all states in which that residue is unfolded (∑Pufj) as shown in eq 2:

Kf, j = ΣPfj
ΣPufj

(2)

This value is an estimated equilibrium constant for unfolding at every residue position, 

which can be converted to a free energy of stability by the relation ΔG = –RT ln Kf,j. As 

such, these calculations have been verified by direct comparison to hydrogen exchange 

protection factors.19

The Monte Carlo sampling version of COREX was used, and the source was further 

modified to allow for the large size of Pol γA by modifying the following variables: 

Max_Res to 6000, Max_Atoms to 50000, and Max_Nunits to 1000. Specific parameters 

used for the calculation include a window size of 50 residues, a minimum window size of 40 

residues, and 5000 samples per partition. The partition refers to the “sliding window” 

approach used in COREX to generate microstates. The first partition is the first 50 residues 

from the N-terminus of Pol γA, and each following 50 residues is another window, for a 

total of 24 windows that can be either “folded” or “unfolded”. The windows then were 

incremented by one residue, and another 24 windows were generated. The sliding was 

iterated until the first window on the N-terminus was moved to the 50th residue, generating a 

total of 50 partitions. We sampled 5000 microstates in each partition for a total of 250 000 

microstates in the simulated ensemble. To test the sufficiency of sampling, crystal structures 

were also run with the same parameters but a larger sampling size of 50 000. Residues 505–

539 were under-sampled, and no values were calculated, due to their highly solvent 

accessible surface area. Pol I binary complexes were run similarly with 1000 samples per 

partition.

Residue Stability Variance

Differences between the different ternary complexes or in silico mutations were obtained by 

computing the standard deviation of residue stability (Kf,j) between the same residue across 

all structures, for all residues in Pol γA.

Allosteric Connectivity Map

To construct the allosteric network connectivity map using the single site thermodynamic 

mutation algorithm,22 the ensemble data generated as described above were used. A 1 

kcal/mol stabilizing energy, Φ, then was applied to each microstate in which a given residue, 

k, was found folded. Then we estimated how perturbing residue k affected the residue 

stability of the jth residue in the protein, Kf,j, as encompassed in eq 3.

Kf, j
Mutk = Φ ⋅ ∑Pfjlk + ∑Pfjluf, k

Φ ⋅ ∑Pufjlf, k + ∑Pufjluf, k
(3)

Sowers et al. Page 5

J Am Chem Soc. Author manuscript; available in PMC 2020 April 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



RESULTS

Crystal Structures

3-D structures of catalytic subunit Pol γA were taken from holoenzyme ternary complexes 

containing an identical 24/28 nucleotide primer/template DNA with a 3′-dideoxy-terminated 

primer to prevent elongation, and a dNTP or an analogue: dCTP, or a triphosphate form of 

cytosine-based NRTI, Zalcitabine (ddC), Emtricitabine (–)-FTC, or the chiral enantiomer 

(+)-FTC (Table S1). Pol γA in the crystal structures is an exonuclease-deficient double 

mutant (D198A/E200A).

COREX Analysis of Pol γ Complexes Containing dCTP or NRTIs

To investigate energetic fluctuations as a possible cause for the different kinetics and binding 

affinities, residue stability constants (ln Kf,j, eq 2) were calculated for the four Pol γ ternary 

complex structures. Each complex was sampled with 250 000 microstates. To ensure 

sufficient sampling, we computed ln Kf,j for the structure at a larger sampling size of 2 500 

000 microstates. The results from the two calculations are consistent (Figure S1), suggesting 

that sampling of 250 000 microstates sufficiently captured features of the entire ensemble.

Population standard deviation (S.D.) of residue stability was determined to reveal the 

difference in stability between the four different ligand-bound Pol γ ternary complexes 

(Figure 2). Neglecting the termini, because they tend to be highly flexible and under-

sampled, six regions named ranges A–F were shown to contain variability greater than the 

mean (Figure 2A,B).

While any changes in residue stability are meaningful, we focus on the regions that exhibit 

high variability. We mapped these regions onto the ternary complex containing dCTP (PDB: 

4ZTZ).21 The biological significance of the perturbed regions is immediately obvious 

(Figure 2A–D). Ranges A and B are found within the exo domain in conserved motifs.20 

Range B contains exo motif III and a portion of the thumb subdomain, and range C includes 

the remainder of the thumb. Ranges D–F comprise parts of both the pol catalytic palm and 

the fingers subdomain that binds to DNA and incoming nucleotide (Figure 2C,D). 

Interestingly, both local and distal energetic residue stability fluctuates with different ligands 

(dNTP/NRTIs). For example, on the backside of the catalytic subunit, behind where DNA 

binds, a portion of the thumb domain is found to be perturbed. This region also interacts 

with one of the accessory subunits, Pol γB (Figure 2C). Nonetheless, most of the perturbed 

residues lie between the pol and exo active sites where the elongating primer/template DNA 

resides (Figure 2D, DNA not shown). While perturbation of residues in the local pol active 

site would be expected, the largest variations were seen in the remote exo domain, in range 

B. This implies a compensatory coupling between exo and pol sites. The results suggest the 

existence of a cooperative network that transmits information from the active site to one or 

more regions of the protein.

The stability constant Kf,j provides an orthogonal measurement to the structural information 

in a crystal. The complexes with dCTP and ddCTP are highly similar to a RMSD of 0.019 Å 

(Table S2). However, due to subtle differences in side chain conformation that affect SASA 

(Figure S2), the residue stability differences can be revealed by Kf,j values (Figure S3).
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Impact of in Silico Mutations on the Energetic Coupling between pol and exo Sites

To further explore pol–exo communication, we took advantage of naturally occurring POLG 

mutations associated with human diseases to probe this potential connectivity. We chose 

deleterious exo motif III and thumb mutations, G426S, L424G/G431 V, L428P/A467T, and 

A467T, as well as pol finger subdomain mutations, Y955C, A957S, and Y955C/A957S. In 

Pol γ, binding of incoming nucleotide dNTP is accomplished by two helices: the O-helix 

that interacts with the dNTP and the O1-helix that stabilizes the helix-turn-helix motif.

Y955 is located on the nucleotide binding O-helix and is proposed to be involved in dNTP 

selection. A957 is located on the connecting loop between the O- and O1-helix. Both helices 

undergo open-to-closed conformational changes when the correct dNTP is bound.4

Mutations A957S and A957P were analyzed by pre-steady-state kinetics on a single 

nucleotide incorporation assay and electrophoretic mobility shift assay.23 The results show 

that the substitutions of A957 with Serine or Proline reduced catalytic efficiency by 1.8- and 

60-fold, respectively, largely due to reduced dNTP binding in the pol site. Mutant Y955C 

displayed a similar phenotype, with a 46-fold reduced KM to the incoming nucleotide 

without significantly altering catalytic rates.24 Thus, both Y955 and A957 contribute 

substantially to substrate dNTP binding affinity. As they do not directly interact with dNTP, 

their effects are likely mediated by alteration of the conformational ensemble.

Residue stability and its SD were calculated for both sets of exo (G426S, L424G/G431 V, 

L428P/A467T, and A467T) and pol mutations (Y955C, A957S, and Y955C/A957S) relative 

to the wild-type (wt) complex such that the variance in residue stability is a relative 

measurement of deviation from the wt complex. Exo mutants and pol mutants, relative to wt, 

are shown in green and red, respectively (Figure 3A). Exo mutants show local fluctuations in 

range B. However, large energetic variation is unexpectedly seen in the distal fingers, 

adjacent to the pol active site (Figure 3A–C). We also observed that a perturbation in the pol 
domain affects the exo, as shown by the red peaks in ranges A and B (Figure 3A). The finger 

residues ~900–1050, referred to as the new hypervariable region (NHR), were the most 

perturbed residues of the pol domain. This span of residues includes portions of ranges D 

and E that were identified as hypervariable across structures with different substrates bound. 

When previously comparing different crystal structures, the residues between ranges D and 

E comprised one of the least variable portions of the protein. However, here we show that 

both catalytic site pol or exo mutations affect this region. This suggests that this region is 

important intrinsically for pol–exo communication, although it is not differentially affected 

by cytosine-based NRTI binding. Also, exo mutant perturbations had a pattern similar to that 

of pol mutants, implying a similar pattern of cooperativity (Figure 3A).

These results provide additional supporting evidence that the two active sites are 

energetically coupled.

Allosteric Network Connectivity Map Using Single Site Thermodynamic Mutations

Thus far, we have demonstrated there is energetic coupling between Pol γ pol and exo by 

observing the mutual change of stability in one active site when the other is perturbed by 

mutations or different ligands. To investigate whether such mutual effects are specific to the 
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active sites, we thermodynamically perturbed each residue in our COREX ensemble using a 

single site thermodynamic mutation algorithm (eq 3).22 If a region remote to a perturbed 

region alters its energetics in response to the perturbation, it is said to have cooperativity 

with the perturbed region. If the energetic changes of the remote and perturbed regions are in 

sync, the two sites are positively coupled; if the energetic changes are in anti-sync, the two 

sites are negatively coupled. In all other situations, the two sites are not related. The 

diagonal area of the map represents self-cooperativity of local regions of 10–20 residues.

The operation yielded an allosteric network connectivity map that reveals that not all regions 

or residues are cooperative with other residues, and that only limited regions show 

connectivity. Nearly all residues in the pol finger subdomain are positively coupled to 

regions within the exo and the N-terminal domain (Figure 4). This includes residues 

corresponding to,or near those, in which we found to be hypervariable either by in silico 

mutations or with different ligands such as range B/motif III, the exo active site (D198/200), 

and residues 300–375. Additionally, fingers subdomain mutations selected, Y955 and A957, 

are located in the region that is highly coupled with the exo domain (Figure 4). This region 

also contains mutation R964C, which was discovered in AIDS patients with elevated NRTI 

toxicity.25 This mutation displays only slightly reduced pol activity but nearly abolished exo 
activity,9 confirming the specificity of energetic coupling between the pol and exo sites. The 

biochemical results suggest drug toxicity may be caused by defective exo activity as the 

erroneously incorporated NRTI cannot be excised, due to disrupted pol–exo communication.

Other regions showing coupling are mutational clusters that have been identified in patients. 

Previously defined clusters are pol active site and its environs (1), upstream DNA-binding 

channel (2), altered exo:pol ratio (3), distal accessory subunit interface (4), and protein–

protein interactions (5).7 Mutation cluster 3 is hypothesized to regulate pol and exo 
activities, and contains the “partitioning loop” believed to partition DNA in either active site.
4 Portions of cluster 3 are found within the fingers subdomain, a region that is highly 

coupled with large regions of the exo and N-terminal domains (Figure 4). This analysis 

supports our results that either differential ligand binding or mutations can perturb both pol 
and exo domains. It also suggests active site communication is specific, as perturbations of 

many other regions do not change the energetics of either active site (Figure 4). Conversely, 

most cluster 1 mutations found in the pol domain, which are believed to only affect the pol, 
appear not to affect other domains, as expected. Similarly, cluster 4 substitution mutations 

do not affect other residues in the A subunit. As this cluster does not appear to be 

cooperative with other regions in Pol γA, perhaps it most likely affects the accessory subunit 

Pol γB, as predicted.

The spacer domain appears to be highly self-cooperative, as demonstrated by the large 

stretch of ~150 amino acids highly positively coupled (the red block in the center of Figure 

4). This is particularly interesting as this region is believed to stabilize the interaction with 

DNA as well as the accessory subunits. Self-cooperativity of this large stretch may facilitate 

rapid and large conformational changes upon DNA binding.

Some mutational clusters fall into regions that appear highly coupled to the entire protein, 

including most of clusters 2 and 5. Cluster 2 mutations affect DNA binding, suggesting that 

Sowers et al. Page 8

J Am Chem Soc. Author manuscript; available in PMC 2020 April 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



mutations in the cluster might disrupt coordination of DNA binding with conformational 

changes necessary for correct nucleotide selection. Although separated by primary sequence, 

these regions are structurally adjacent and interact both with DNA and with the processivity 

subunit (Figure S4). This raises the possibility that allostery in the overall system may in 

part be mediated by DNA itself, a conclusion supported by the large conformational changes 

seen when comparing the holoenzyme structure, which contains no ligand or DNA (PDB ID: 

3IKM), to the ternary complex (PDB ID: 4ZTZ).

Energetic Coupling in Another Pol I Family Polymerase, Pol I BF

To investigate whether or not our findings in Pol γ are innate to the structural features of this 

family of polymerases, we performed the same analyses on another Pol I Family member, 

thermostable Bacillus DNA Polymerase I large fragment (Pol I BF). Pol I BF shares the 

same right-hand conformation with fingers (residues 656–815), thumb (residues 496–595), 

and palm (residues 617–655 and 830–869) subdomains that constitute the pol domain. It 

also contains a vestigial 3′−5′ exonuclease domain (302–468).26,27

To better understand pol–exo communication under physiological situations, we compared 

Pol I BF bound to either a correctly matched or a mismatched primer/template DNA. A 

mismatch in pol, resulting from incorporation of an incorrect nucleotide, should engage the 

exo site for mismatch removal. Comparison of the energetics of Pol I BF with a matched or 

mismatched primer/template DNA, using the binary complex crystal structures (Table S3),28 

reveals that differences are concentrated in four regions: I (residues 350–388), II (residues 

478–515), III (residues 581–658), and IV (689–780 and 802–817) (Figure 5A,B). Region I 

contains the conserved exo motif III, and region IV is in the fingers subdomain. The fingers 

subdomain undergoes conformational changes with each nucleotide addition. It adapts 

mostly an open conformation in the absence of dNTP, and changes to ajar and or closed 

conformations in the presence of an incorrect or a correct nucleotide, respectively.27,29,30 

Our results in Figure 4 suggest that in most conformations, captured by our ensemble 

calculations, the fingers domain is strongly coupled with the exo motif III region. The results 

from Pol I BF are in good agreement with those from Pol γ, suggesting that this mode of 

communication is conserved within Pol I family members.

DISCUSSION

Allosteric Regulation of pol and exo Sites

Pol γ pol and exo sites have distinct enzymatic activities that are highly coordinated during 

DNA replication. This coordination is critical for correct dNTP discrimination. The pol site 

selects for the correct nucleotide and catalyzes phosphodiester bond formation to extend the 

primer DNA, while the exo hydrolyzes the primer 3′-end. If a correct nucleotide is 

incorporated, the enzyme retains the primer DNA in the pol for continued synthesis. If an 

incorrect nucleotide is incorporated, mismatched primer/template DNA is transferred to the 

exo for removal. Crosstalk between these sites in DNA polymerases is known to be an 

important contributor to the fidelity of DNA replication. The biophysical basis for signal 

transduction from misincorporation in the pol to the distal exo site is not fully understood. 

Pol and exo site coordination is also critical for discrimination of NRTIs from normal 
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dNTPs. Otherwise, misincorporation of an NRTI into mitochondrial DNA can result in drug 

toxicity. Understanding active site coordination and its role in discriminating between these 

inhibitors is critical to both improving drug efficacy and decreasing toxicity.

In this study, we report positive cooperativity between the fingers subdomain of the pol and 

conserved motif III of the exo domain. Perturbation of the pol, by either mismatched primer, 

NRTI inhibitor, or a mutation, can stimulate a corresponding perturbation in the exo, 

indicating energetic coupling between the two regions. Similar findings in Pol I BF suggest 

that this communication may be intrinsic to their conserved structure and sequence, in two 

evolutionarily divergent but structurally homologous polymerases. The positive 

cooperativity between the pol finger subdomain and exo is particularly intriguing as the 

fingers directly interacts with the incoming dNTP and contributes to correct nucleotide 

selection through open-closed conformational changes.31

A multitude of factors contribute to correct nucleotide dNTP selection including hydrogen 

bonding with the templating nucleobase, steric interactions, nucleotide sugar conformation, 

and polymerase conformational changes.27,31,32 Nucleotides can also influence polymerase 

conformation in a series of distinct steps both before and during covalent bond formation.33 

Even nucleotide interactions with DNA template and solvent can have profound impacts on 

nucleotide selection.34,35 Quantum mechanical/molecular modeling studies of human Pol β 
revealed that residues surrounding the pol active site, referred to as base-binding residues, 

contribute to the transition state of dNTP incorporation.36–38 Furthermore, the study found 

incorrect dNTP can perturb the pol active site and form a nonproductive transition state, 

indicating that both dNTP and pol residues contribute to stability and reactivity. Our 

conclusions are not only in agreement with those concerning Pol β, but they also suggest 

that ligand binding and perturbations in the pol can be propagated to the distal exo site. Pol β 
is a DNA repair polymerase without exo activity. Whether changes to its pol site are 

propagated to other regions is unknown.

For dual active site polymerases, DNA transfer during replication between pol and exo 
active sites is necessary to achieve high fidelity. Our work here suggests that inter- and 

intradomain cooperativity may facilitate two innate fidelity checkpoints: pol–exo sampling 

and finger subdomain conformational changes (open/closed/ajar), respectively.31,39 Studies 

of Escherichia coli DNA Pol I Klenow fragment (KF) showed that both DNA intramolecular 

and intermolecular transfer between active sites coexist, but intramolecular transfer is the 

faster of the two pathways.39 Importantly, mismatched DNA preferentially associates with 

the exo site, and even more so in the presence of dNTP. In agreement with our study, this 

suggests that pol–exo cooperativity may facilitate transitioning the polymerase to its 

proofreading mode when bound to mismatched DNA, and to its synthesis mode when bound 

to correctly matched DNA, and dNTP ligand can further influence this coordination.

Pol and exo active sites are spatially separated by 35 Å. This begs the question: How does 

their long-range coupling occur? Our COREX calculations are based on an ensemble model 

that proposes allostery is the result of changes in the conformational distribution, rather than 

a distinct linear pathway of contiguous amino acids or really any clearly defined “path”.40 

Allosteric regulation of remote sites can be attributed to ligand-induced entropic changes 
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and thermodynamic fluctuation, and/or to transitions in structural ensembles. Other studies 

also suggest that “paths” for allostery are diffuse, nonlinear, and nonlocal; they have also 

been described as an elastic network where soft collective modes of motion enable allosteric 

regulation of protein systems.41–44

Equilibrium of Conformational Populations

COREX allows estimation of a protein’s local stability at single residue resolution.18 An 

advantage is the generation of a thermodynamic ensemble of conformational microstates 

that reasonably models the additional degrees of freedom not obvious in crystal structures. 

For example, DNA polymerases undergo conformational fluctuations, mutations, DNA, and 

or dNTP binding influences the proportions of predominant conformations.30,45 We simulate 

these many possible conformations, constructed an appropriate partition function, and 

weighted them by their respective probabilities. COREX has also been used in describing 

cryptic long-range energetic connectivity in other systems, revealing the energetic 

consequences of subtle structural differences.46–48 Our analyses of Pol γ suggest that 

ensemble-based energetic coupling facilitates coordination between different functional 

domains.

New Evaluation Tool for Pol γ Mutations

Pol γ mutations have been implicated in many human diseases. Deficient polymerase 

activity reduces mitochondrial DNA replication, decreases mitochondrial DNA copy 

number, and hampers cellular energy supply. Our studies suggest that COREX is particularly 

useful in analyzing mutational effects. Starting with the ground state of the enzyme in its 

native structure, the algorithm, although unable to provide dynamics, readily reveals that 

perturbations of one region can affect the stability of other regions.

Pol γ mutations associated with disease are located in and around the active sites of pol and 

exo, as well as at noncatalytic sites. While crystal structures are invaluable in analyzing local 

effects of amino acid substitutions, they do not explain long-range effects of mutations and 

either intra- or interdomain communication. Our approach here suggests mutations or 

ligands that affect residue stability in distal regions do so through population changes in the 

conformational ensemble. As a result, COREX affords a new approach for mutational 

analyses. Perturbations can be revealed computationally to propagate over long distances 

across the molecule via newly exposed interfaces without the initiating and terminal sites 

being in direct contact. For example, the connectivity map analyses presented here show that 

the stability of some localized clusters of disease-associated mutants, distal to either active 

site, is associated with the stability of the entire enzyme as well as pol–exo communication. 

COREX can therefore provide an energetic explanation for the dysfunction of these Pol γ 
mutants. As a major adverse target for NRTIs, Pol γ mutations can alter the drug toxicity in 

different patients.49,50 Our results here should be an effective tool to screen potential NRTI 

response in the more than 400 single nucleotide polymorphisms (SNPs) in POLG (http://

exac.broadinstitute.org/gene/ENSG00000140521). The network of local and nonlocal 

perturbations induced by POLG variants and NRTIs, as revealed by COREX, may facilitate 

personalized treatments for patients based on their POLG genotype.
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CONCLUSION

This study provides the first examination of energetic coupling, where perturbations in the 

pol site are sensed by the exo, in the high-fidelity mitochondrial DNA polymerase, Pol γ. 

We demonstrated that substrate nucleotide or nucleotide analogue (NRTIs), as well as Pol γ 
amino acid substitutions, perturb a complex network, resulting in local and nonlocal 

perturbations. Our results have provided a biophysical basis for communication between pol 
and exo sites of Pol γ, suggesting that COREX is a powerful tool to analyze mutational 

effects of both local and remote regions of a protein.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Structures of natural substrate deoxycytidine and nucleoside reverse transcriptase inhibitors 

(NRTI).

Sowers et al. Page 16

J Am Chem Soc. Author manuscript; available in PMC 2020 April 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Different dNTP/NRTI perturb local and nonlocal regions of Pol γ. (A) The hypervariable 

regions are shown in the table along with their domain, subdomain, and motif associations.
20,21 (B) Population standard deviation (S.D.) of residue stability for each complex is plotted 

as the regional average of 30 amino acids, and the horizontal line is the average SD. The N 

and C termini were not considered hypervariable and so are shown instead as dotted lines. 

Gray is the N-terminal domain (1–170), green the 3′−5′ exonuclease (170–440), orange the 

thumb subdomain (440–475 and 785–815), blue the spacer (475–815), red the palm (815–

910 and 1095–1239), and purple is the fingers subdomain (910–1095) of pol. (C,D) Ranges 

A–F are mapped onto the ternary structure (PDB: 4ZTZ) and colored based upon domain 

assignment (DNA not shown), Pol γA is shown in gray, and Pol γB subunits are shown in 

light blue. The perturbed thumb domain interacts with Pol γB subunit, which may affect 

enzyme processivity. (D) Most perturbed residues lie between the two active sites. Active 

site residues are colored in blue and labeled according to their respective active site, while 

the dCTP substrate is shown as sticks.
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Figure 3. 
In silico pol and exo mutations suggest cooperativity between active sites. We find that 

either exo or pol mutations perturb local and nonlocal regions. This includes residues 

adjacent to active site residues. (A) Residue stability SD is plotted with finger and exo 
domain mutations in red and green, respectively. A regional average of 30 amino acids was 

used. (B,C) Hypervariable regions displayed are ranges A, B, and residues 900–1050 

referred to as the new hypervariable region (NHR). These are mapped on the Pol γ complex 

according to the domain/subdomain coloring scheme.
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Figure 4. 
Allosteric network connectivity map reveals a cooperative network. The X-axis represents 

perturbed residues and the Y-axis denotes the corresponding affected residues. A color scale 

is shown on the right where red is highly positively cooperative, blue is negatively 

cooperative, and green represents no cooperativity; units are kcal/mol. Shown above are 

mutational clusters identified by Nurminen et al.7
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Figure 5. 
Pol I BF mismatches show similarly perturbed domains as Pol γ. (A) Residue stability is 

plotted as a regional average of 15 residues, and the following domains and subdomains are 

displayed above: 3′−5′exonuclease domain (302–468), fingers (656–815), thumb (496–

595), and palm (617–655 and 830–869). Mean residue stability is shown as a horizontal line 

in black. (B) Regions shown to be hypervariable are mapped on the crystal structure with the 

DNA not shown (PDB: 1L3U). Hypervariable regions (residue stability greater than the 

mean) are colored based upon domain association. Catalytic residues are in blue.
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